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Conclusion:
We found that high red meat intake was associated with increased risk of CRC only from retrospective case-control studies and not modified by NAT2 enzyme activity.
Impact:
Our results suggest no interaction between NAT2 genotype and red-meat intake in mediating risk of CRC. The role of diet in the pathogenesis of CRC has been of particular substantial interest.
Epidemiologic data supports an association between greater intake of red meat and increased risk of CRC (10) (11) (12) (13) (14) (15) (16) . However the mechanism behind this association is not completely understood.
One hypothesis relates to the formation of heterocyclic amines through the cooking process, and subsequent breakdown of these amines (13; 15-17) . A key enzyme in the metabolic activation of heterocyclic amines is N-acetyltransferase 2 (NAT2) (18) . Common genetic variants in NAT2 are key determinants of enzyme activity, with individuals widely classified according to NAT2 phenotype as slow, intermediate or rapid acetylators (19; 20) .
Although some studies have suggested that individuals who are rapid acetylators exhibit a stronger association between red meat intake and CRC (12; 21-26) , other studies have failed to confirm this association (27) (28) (29) (30) (31) . This could in part be due to the small sample sizes of the replication studies, variation in assessment of red meat intake, incomplete adjustment for confounders, or different methods in estimating NAT2 enzymatic activity. However, as the mechanism behind the association between CRC and red meat intake is not completely understood, a large adequately powered study to examine a gene-environment interaction between NAT2 genotype and red meat intake might shed light on the carcinogenesis mechanism(s) and suggest potential avenues for disease prevention. Therefore, we used the strengths of a large international consortium of case-control and nested case-control studies within prospective cohorts to examine the potential interaction between NAT2 genotype and red meat intake, in relation to risk of CRC.
MATERIALS AND METHODS

Study Sample
This study included 8,290 cases of colorectal cancer and 9,115 controls from the Colon Cancer Family Registry (CCFR) and 10 studies within the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO). Details of the included studies are described in previous publications from this consortium(9; 32; 33). In brief, each study contributed CRC cases confirmed by review of medical records, pathology reports, or death certificates. All studies were approved by their respective institutional review boards. Six studies used a prospective nested case-control design while five studies were retrospective case-control studies.
Genotyping and quality control
Informed consent was obtained from the participants to provide blood or buccal cells for genotyping. The genotyping platform varied between the different studies. Cases and controls 
Red meat intake and other covariates
Total red meat intake from all participating studies was assessed as number of servings per day.
Additional variables collected by the studies included: referent age, sex, smoking status (ever or never), use of aspirin or non-steroid anti-inflammatory drugs (NSAIDs) (use at referent time), and body mass index (in kilogram/square meter) as a continuous variable. Additional dietary covariates were included based on association with CRC in prior studies and included: total calcium intake, total folate intake, and number of servings per day of fruits or vegetables(9; 35-38). As previously described, a multi-step harmonization process was used to combine data across the studies(9).
Statistical Analysis
All statistical analyses were performed at the central GECCO coordinating center. In a minimally adjusted model, regression models adjusted for age, sex, study site, and the first three principal components from EIGENSTRAT to account for population sub-structure(39). The primary analysis was to estimate the interaction between NAT2 genotype, red meat intake and risk of CRC. For this, we compared the NAT2 rapid (GG) or intermediate (AG) with the slow (AA) phenotype, as well as the NAT2 rapid/intermediate with the slow phenotype. We used study-and sex-specific quartiles of red meat intake modeled as indicator variables, with the lowest quartile of intake as the referent category. In sensitivity analyses, we examined the association with red meat intake when modeled as a dichotomous exposure (above or below study-and sex-specific medians) and as a continuous variable using study-and sex-specific quartiles taking on the values 1-4. The interaction between NAT2 activity and red meat intake was examined by stratifying subjects by inferred NAT2 enzyme activity into rapid/intermediate and slow categories. We tested the significance of multiplicative interaction using likelihood ratio tests comparing nested models with and without interaction terms between quartiles of red meat intake and NAT2 slow, intermediate, or rapid phenotype. We tested for the significance of additive interaction using the logistic regression methods outlined by Lundberg et al. (40) and Andersson et al.(41) to calculate the relative excess risk due to interaction (RERI)(42) for red meat intake (above vs. below study-and sex-specific medians) and NAT2 phenotype (intermediate/rapid vs. slow). In a sensitivity analysis, we repeated the regression analysis using an extended model that additionally adjusted for the demographic and dietary covariates described above.
As the association of red meat with CRC reported in prior publications has generally appeared stronger in retrospective case-control studies compared with studies within prospective cohorts, we examined if the association between red meat, NAT2, and CRC varied by study design. We tumors. Two hundred and sixty cases could not be classified as one of the two locations. Table 1 presents the baseline characteristics of the study sample according to case-control status.
RESULTS
The mean age was 64 years and just over half were women. There was no difference in age or sex between CRC cases and controls. Consistent with previously reported associations, CRC 
Main associations -red meat and NAT2
For the pooled analysis, adjusting for age, sex, and study site, higher intake of red meat was associated with an increased risk of CRC. Compared to the lowest quartile of red meat intake, the highest quartile was associated with an increased risk of CRC (adjusted odds ratio (OR) 1.41, 95% confidence interval (CI) 1.29 -1.55) ( and CRC was not modified by NAT2 genotype. There were no significant interactions on either the multiplicative (p=0.99) or additive scale (p=0.97).
Analysis by study design
As prior reports of the association of red meat and CRC based on the subjects in our analysis appeared to show a stronger association from retrospective case-control studies compared with prospective cohorts, we estimated associations stratified according to study design. From the analysis of 3,091 cases and 4,209 controls derived from case-control studies nested within prospective cohorts, the highest quartile of red meat intake was not significantly associated with risk of CRC (OR 1.06, 95% CI 0.93 -1.22). In contrast, using the 5,199 cases and 4,906 controls from retrospective case-control studies, the highest quartile of red meat intake was associated with a significant risk of CRC (OR 1.75, 95% CI 1.55 -1.98), and these risk estimates were significantly different (Figure 1) . We observed no significant interaction between inferred NAT2 phenotype, red meat intake and CRC risk within either the retrospective case-control studies (p=0.88) or those where diet was prospectively ascertained prior to cancer diagnosis (p=0.64) ( Table 4) .
Associations by tumor site
Stratifying by tumor site, higher red meat intake was associated with both proximal (OR for Q4 vs. Q1 1.41, 95% CI 1.25 -1.59) and distal CRC (OR for Q4 vs. Q1 1.50, 95% CI 1.35 -1.68).
However, for both proximal and distal CRC, the association between red meat and cancer risk 
DISCUSSION
In this large international study, we observed that higher intake of red meat is associated with increased risk of CRC. However, this association was seen only in retrospective case-control studies and was not evident in the studies that prospectively assessed dietary data prior to cancer diagnosis. This association was similar for both proximal and distal CRC. Nonetheless, the association between red meat intake and CRC did not appear to differ according to underlying NAT2 genotype irrespective of study design.
Prior epidemiologic evidence supports the association between red meat intake and CRC (10-16; 43) . A report from the American Institute of Cancer Research estimated a 29% increase in risk of CRC with every 100g/day intake of red meat (44) . In particular, cooking of red meat and the level of doneness associated with cooking have been associated with increased CRC risk (10-16; 43; 45) . Of note, within this large pooled analysis of multiple study populations, the association between red meat intake and CRC was observed only in retrospective case-control studies. There are a few potential reasons for this apparently discrepant result. First, a true biological association between red meat intake and CRC may be weak or non-existent, with significant associations reported by retrospective case-control studies largely due to recall bias. Second, a 
true association between red meat intake and CRC may be mediated by recent intake. In general, the lag between the assessment of meat intake and incident CRC is typically prolonged in prospective cohorts. Moreover, most prospective cohorts did not update information on meat intake over follow-up, leading to misclassification of exposure and biasing associations toward the null. Nonetheless, a recent meta-analysis of prospective studies has concluded that red meat intake is associated with risk of CRC (46) . Furthermore, selection bias that may occur in casecontrol studies should not influence the assessment of potential gene-environmental interactions(47).
One long-standing hypothesis linking red meat with cancer suggests that cooking meat at high temperatures results in the formation of heterocyclic amines (48) . This process is mediated by several enzymes, perhaps most prominently NAT2, which metabolically activates heterocyclic amines to allow the formation of DNA-adducts that subsequently cause DNA damage. Thus, inter-individual variation in the activity of NAT2 may influence susceptibility to this exposure to heterocyclic amines. While variation in NAT2 enzyme activity was first described in the context of neurotoxicity related to isoniazid use for tuberculosis (49) , several genetic polymorphisms in the coding region of exon 2 of the NAT2 gene have been studied as modifiers of enzyme activity (19) . Several different genetic panels have been used to classify NAT2 genotype and inferred phenotype, most commonly a 7-SNP panel that includes four SNPs that directly influence NAT2 activity and three SNPs that aid in the classification of the inferred phenotype. association between rs1495741 genotype and NAT2 phenotype was additionally validated by measuring NAT2 catalytic activity in cryopreserved human hepatocytes with strong correlation between measured activity and rs1495741 genotypes(34). Prior studies had also demonstrated that the rapid acetylator phenotype of NAT2 has been associated with a higher level of such DNA adducts compared to the slow acetylator phenotype (50) .
Several studies have examined the interaction between NAT2 and meat intake on the risk of CRC. However, the results have been inconsistent. In a case-control study nested within the prospective Nurses' Health study, Chan et al. demonstrated a three-fold increase in risk of CRC with higher red meat intake among rapid but not slow acetylators (12) . In contrast, Wang et al. identified no association between NAT2 and red meat intake on colorectal neoplasia(30). In the Multiethnic Cohort Study, the strongest association between red meat intake and CRC risk was seen among the rapid NAT2 acetylators; however this interaction was not statistically significant(31). Similarly, in the Ontario Cancer Registry, both red meat and well-done meat intake were associated with CRC but this effect was independent of the NAT2 genotype(51).
Several other published studies have either supported (21) (22) (23) (24) (25) (26) Our findings of the absence of an association of CRC with NAT 2 acetylation status across the range of average intake of red-meat may suggest that heterocyclic amine exposure may not play a relevant role in CRC pathogenesis. However, it is still plausible that heterocyclic amines truly influence CRC risk but the range of variation in heterocyclic amine exposure associated with NAT2 acetylation status is narrow, resulting in low statistical power to detect a geneenvironment interaction even within a sample size as large as the present study. Alternately, a threshold effect, rather than continuous dose-response for exposure to heterocyclic amines may exist which we were not powered to detect. Finally, polymorphisms in other enzymes involved in heterocyclic amine metabolism may interact with NAT2 acetylation status and/or influence susceptibility to CRC.
There are considerable strengths to our study. First, our large collaboration of pooled studies resulted in a sample size substantially greater than most of the prior studies that have examined this association. Not only does this confer a greater statistical power to define gene-environment interactions, but it also allows for more robust and generalizable findings. Second, we were able to adjust for a spectrum of biologically important covariates, ensuring the independent significance of red meat intake.
We acknowledge several limitations to our study. First, we examined polymorphism in only one interaction between NAT2 and red meat intake. Furthermore, for some of the other enzymes, the association between genetic polymorphisms and enzyme activity is less well understood.
Secondly, within the studies included in the consortium, there were differences in dietary methods of ascertainment of red meat intake. Some studies had much greater detail on food consumption, while others were more limited. Third, uniform information on cooking techniques was not available across all studies. Consequently, we were unable to specifically examine the association with well-done red meat intake that may have a stronger correlation with heterocyclic amine exposure. Another limitation is the referent time of dietary exposure varied from study to study and the most relevant time point associated with the disease process may not have been well captured in all studies. Finally, a subgroup of the entire cohort did not have full information on all relevant covariates and could not be included in our expanded model. However, as the magnitudes of the association between red meat intake and colorectal cancer in our main model and expanded regression model are comparable, we believe our results to be generalizable.
In conclusion, in the largest study to examine the association between red meat intake, NAT2
genotype and CRC, we demonstrated that higher red meat intake is associated with increased risk of CRC primarily in retrospective but not prospective case-control studies. The effect was similar for both proximal colon cancer and distal colorectal cancer. However, irrespective of tumor site or study design, the association between red meat intake and CRC was independent of NAT2 genotype. 
